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Introduction
41
Gluten plays a principal role in bread development by giving cohesiveness and 42 promoting the retention of the CO 2 produced during fermentation. Thus, gas expansion 43 causes wheat breads to gain volume and attain acceptable crumb texture (Deora et al., 44 2014). Recently, the market of gluten-free breads has expanded and substantial efforts 45 are underway to enhance their quality. 46
In wheat-containing doughs, rheological studies are crucial for understanding the 47 M A N U S C R I P T Table 1 .
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Methods 136
Dough preparation and bread-making 137
The following ingredients were used in bread-making: water (100 g/100 g flour or 138 starch), instant dry yeast (3 g/100 g), salt (1.8 g/100 g), oil (6 g/100 g), HPMC (2 g/100 139 g) and white sugar (5 g/100 g). In all tests, the water temperature was held between 20 140 and 22 °C. Yeast was previously dissolved in the water before its incorporation. All the 141 ingredients were mixed for 8 min in a Kitchen Aid 5KSM150 mixer (Kitchen Aid, 142
Michigan, USA) with a dough hook (K45DH) at speed 2. Fermentation was performed 143 at 30 °C and 80 % RH for 90 min. After fermentation, doughs were baked in an electric 144 modular oven for 40 min at 190 °C. Bread-making was performed in duplicate. 145
For dough evaluation, 100 g of dough obtained after mixing, 45 min and 90 min of 146 fermentation were placed in small aluminium moulds (140x40x35 cm, ALU-Schale, 147
Wiklarn, Germany), introduced into polyethylene plastic bags and immediately frozen 148 at -21°C. Doughs were kept in the freezer during 24 hours before rheological and 149 microstructural analyses. 150
For bread characterization, 250g of dough obtained after mixing were placed in 151 aluminium moulds (232x108x43.5 cm, ALU-Schale, Wiklarn, Germany) and then 152 fermented and baked following the baking described above. Breadswere taken out from 153 the oven after 20 and 40 min of baking. Subsequently, the loaves were removed from 154 the moulds after a 60-min cooling period. They were then introduced into polyethylene 155 plastic bags and stored at -21 °C during 24h until analysis. 156 (Table 2) . 249 Doughs made with flours, both maize and rice flours, showed a much higher σ c than 250 doughs made with starches. However, no clear differences were observed for γ c , 251
Microstructural analysis of doughs and breads
highlighting only the higher critical amplitude of the shear strain for wheat starch 252 dough. As shown in Fig. 1 ., doughs made with wheat starch were more uniform, 253
probably as a consequence of the positive packing properties of their granules, i.e., 254 small granules filling the interstitial spaces of large ones. This could bring about doughs 255 with higher resistance to strain during the strain sweep. On the other hand, the higher σ c 256 of doughs made with flours suggested more resistance to the applied stress than those 257 made with starch. As seen in Table 1, maize and rice flours have an important fraction  258 of protein compared to starches. However, maize and rice storage proteins are entrapped 259 in protein bodies that need to be disrupted and freed during mixing to be functionalM A N U S C R I P T
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12 (Taylor et al., 2015) . This disruption of the protein bodies has only been observed in 261 maize under conditions when high mechanical energy (specific mechanical energy of 262 ≥100 kJ/kg) was applied using extrusion cooking (Batterman-Azcona et al., 1999) or 263 roller flaking (Batterman-Azcona and Hamaker, 1998). However, Gayral et al., (2016) 264 reported that the protein included in the starch channels of flours that contain proteins 265 could strengthen protein adhesion to the granule surface fostering granule-granule 266 associations. Therefore, we believe that the high stability to shear stress of flour-based 267 doughs can be attributed to the intrinsic size of the flour particle and its resistance to 268 disruption compared to starch granules (Fig. 1) . 269
As for the fermentation time, σ c did not show significant differences, whereas only 270 flours at time 0 of fermentation showed a significantly higher critical strain (γ c ) than 271 after 45 and 90 min of fermentation, indicating that the dough structure can be broken 272 with lower strains once fermentation starts. The CO 2 expansion previously formed 273 within the gas cells could weaken the hydrocolloid network in which starch granules or 274 flour particles are embedded, as seen in Fig. 1 , causing the dough to be less resistant to 275 strain as fermentation proceeds. This behaviour was similar in all doughs indicating no 276 interactions between the type of starch and the fermentation time. 277
Mechanical spectra 278
The above interpretation is more clearly supported by the analysis of the mechanical 279 spectra (Fig. 2) . The plateau relaxation zone was observed in the analysed frequency 280 window for doughs made with flours, both maize and rice. This region is characterised 281 by the fact that G' is higher than G'', with both moduli depending on frequency but 282 following a different pattern (Martinez et al., 2015a ). This region is also characteristic suggests that the dispersed particles in the continuous phase would accumulate at the 295 gas-continuous phase interphase to form a mechanical (steric) barrier that protects the 296 gas cells against coalescence. In other words, the smaller particle size of starch granules 297 compared to flour particles could increase the Pickering stabilization of the dough, 298
shifting the plateau relaxation zone to lower frequencies (i.e., the terminal zone to 299 higher frequencies). This transition occurred at higher frequencies for potato starch 300 dough. Potato starch has a B-type crystalline polymorphism (Perez et al., 2009) , 301 characteristic of the absence of pores in the granular surface that leads to granules with 302 low water absorption capacity (see also Table 1 ). In addition, potato starch granules are 303 larger than the cereal ones (Table 1, Fig. 1 ). These structural differences could change 304 the behaviour of the continuous phase of the dough compared to the rest of the starches 305 (yielding a narrower plateau region) through a lower granule packing as well as a lower 306 density of entanglements among biopolymer molecules in the continuous phase. These 307 explanations would also explain the higher loss tangent values for potato doughs,
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It is noteworthy that as fermentation proceeded, the crossover was shifted to lower 310 frequency values (widening the plateau region), which likely depended on the Pickering 311 stabilization of the dough by the particles suspended in the continuous phase. This 312 would suggest a gradual increase of the CO 2 bubble packing and a lower intensity of 313 HPMC-starch entanglements throughout fermentation. 314
As for the individual contribution of the viscoelastic moduli, flour-based doughs 315 showed higher viscoelastic moduli than the starch doughs, indicating a higher 316 consistency of doughs made with flours. This phenomenon could be attributed to the 317 larger particle size and the protein adhesion (Gayral et al., 2016) , which is in agreement 318 with what was mentioned before. This could foster granule-granule interactions within 319 the flour particle (contours of large particles covered by starch granules are observed in 320 Fig. 1 ), reinforcing the flour particle during kneading and therefore raising the 321 individual contribution of viscoelastic moduli of the dough. Differences were also 322 observed among the different starches, highlighting that wheat starch-based doughs had 323 lower viscoelastic moduli (less consistency). Wheat starch possesses lower water 324 absorption capacity than maize starch (Table 1) . This, along with its bimodal size 325 distribution, could promote greater continuity of the continuous phase and density of the 326 dough structure. In other words, smaller granules would fit into the spaces between the 327 larger ones, bringing about a gluten-free dough with lower consistency. Micrographs 328 observed in Fig. 1 also depict this occurrence. It is noteworthy that the small wheat 329 starch granules would be more prone for Pickering stabilization of the CO 2 bubbles of 330 the dough. This property should be taken into account for attaining breads with high 331 specific volume, as will be shown later in this study.
15 which is in agreement with the observed shift of the crossover to lower frequencies. As 335 mentioned, this can suggest a gradual increase of the CO 2 bubble packing and a lower 336 intensity of HPMC entanglements (see also Fig. 1) . 337
Creep-recovery test 338
The ability of doughs to recover some structure by storing energy was analysed by 339 applying an instantaneous stress and measuring the change in strain over time (Fig. 2) . value is an indicator of the elasticity of the dough. In Fig. 2 , higher steady state 361 compliance is observed for doughs made with wheat starch, which could be explained 362 through the mechanisms discussed in the previous sections. 363
Physical and microstructural evolution of breads during baking 364
Microstructural evolution of bread crumb 365
During baking, the structural and physical properties of bread change, wherein 366 semisolid dough transforms to bread with soft inner crumb and crispy outer crust. The 367 magnitude of these transformations in gluten-free breads will especially depend on the 368 starch properties. The crumb development of the different breads during baking was 369 visually monitored through SEM (Fig. 4) . In all the samples, images were taken 370 perpendicularly to the cell walls to observe their surface. All pictures showed the 371 presence of a continuous matrix formed by the starch and hydrocolloid, but in contrast 372 to dough micrographs, the granules were more tightly compacted. Numerous 373 physiochemical and biological transformations, mainly CO 2 release, gas volume 374 expansion, water evaporation and starch gelatinization, take place during bread-baking 375 process (Chhanwal and Anandharamakrishnan, 2015). Doughs made with starches 376 presented a more uniform continuous phase than flour-based crumbs, especially those 377 made with wheat starch. It seems that the building and packing features of the bimodal 378 sized wheat starch together with its lower pasting temperature (Figs. 1, 2, 3) contributed 379 to create a continuous phase that, after gelatinization, will lead to a continuous crumb 380 structure (precursor for an acceptable crumb cohesiveness and resiliency). It is 381 noteworthy that the large starch granules observed in the potato sample still looked 382 perfectly rounded, indicating that they probably were not fully gelatinised during 383 baking. As the course of baking progressed, the temperature increase initiated waterM A N U S C R I P T
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evaporation and carbon dioxide release, which resulted in oven spring during initial 385 baking stage. Carbon dioxide release triggered the upper expansion of the top crust and 386 concurrently the development of crumb. Structural changes occur during the whole 387 bread-baking process and they comprise mainly solidification and expansion. The 388 network-like structure of bread crumb is predominantly due to starch gelatinization 389 (Zhou and Therdthai, 2007) , as shown in Fig. 4.  390 The development of the crust microstructure during baking was also studied. The 391 doughs made with flours exhibited a structure formed by the starch granules surrounded 392 by a protein matrix in which intact flour particles were still visible. On the other hand, 393 the crust section of doughs made with starch appeared slightly less uniform. 394
Micrographs also showed that starch did not gelatinize, forming a compact external 395 layer. In the crust, water evaporates quickly, leaving the starch with no available water 396 for gelatinization. In addition, steam was not applied at the beginning of baking, which 397 was already reported to promote starch gelatinization in the crust (Altamirano-Fortoul et 398 al., 2012; Le-Bail, et al., 2011). However, significant changes were not visible and a 399 clear trend was not observed (Supplementary material). 400
Physical properties of breads 401
The effect of the type of starch source and the baking time on the specific volume and 402 crumb texture is shown in Table 3 . Breads made with flours had less specific volume 403 than those made with starch. This could be related to the high consistency of flour-based 404 doughs, i.e., high viscoelastic moduli and low maximum creep compliance (Martinez et 405 al., 2015b) . As mentioned, it can be attributed to the bigger particle size and the 406 presence of a protein layer observed in Fig. 1 . In particular, breads made with maize 407 flour exhibited the lowest specific volume, which could be due to the higher waterM A N U S C R I P T
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based breads showed a higher specific volume, especially wheat starch-based breads, 410 followed by the bread made with maize starch. This is in agreement with the previous 411 results obtained in the rheological analysis, where wheat starch-based doughs had lower 412 consistency, i.e., lower viscoelastic moduli (Fig. 2) , better packing properties and 413 capacity to form a uniform continuous matrix in the dough (Figs. 1, 4) . In addition, the 414 lower pasting temperature indicates that wheat starch starts to gelatinize earlier, 415 leaching amylose that could increase the viscosity and elasticity of the continuous 416 starch-hydrocolloid continuous phase (Table 1) . Also in good correlation with the 417 rheological and microstructural analysis, potato starch-based breads had the lowest 418 specific volume among the starch-based breads. This occurrence can be attributed to the 419 large granular size of potato starch, which prevents the starch from forming an 420 acceptable continuous phase with the rest of the dough/crumb components. 421
Specific volume was inversely correlated with crumb hardness. This reciprocal 422 relationship has been reported in previous studies on gluten-free bread (Gallagher et al., 423 2003) , and it was attributed to the lower resistance to dough deformation, with a higher 424 percentage of air content. In general, starches showed a softer crumb with higher 425 elasticity and resilience than flours. Again, wheat starch crumbs showed the best 426 textural properties (lower hardness and higher elasticity, cohesiveness and resilience), 427 likely attributed to the contribution of the wheat starch structure.. 428
The development of the volume and textural parameters of breads along the course of 429 fermentation is also shown (Table 3) Values followed by the same letters within each parameter for each factor (starch-based ingredient and baking time) indicate no significant differences.
